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SUMMARY 


The  toxicity  of  sulfur  mustards  is  evidently  related  to  the  damage  they 
inflict  on  cellular  DNA.  Previous "studies  have  shown  that  much  of  the  acute 
toxicity  of  bifunctional  mustards  can  be  attributed  to  DNA  cross  1  inking 
through  two  guanine  moieties  in  opposite  DNA  strands.  Analysis  of  the 
mutagenic  effects  of  these  compounds  has  indicated  that  delayed  toxicity,  on 
the  other  hand,  may  be  caused  by  substitution  in  the  6  position  of  guanine  and 
perhaps  by  other  minor  DNA  modifications  as  well. 

However,  previous  studies  have  failed  to  provide  chemical  evidence  for 
reaction  of  the  sulfur  mustards  with  the  6  position  of  guanine.  We  have 
reexamined  this  problem  using  high  pressure  liquid  chromatography  to  separate 
the  products  of  the  reaction  between  chloroethyl  ethyl  sulfide  (CEES)  and 
deoxyguanos ine.  Using  this  technology,  we  have  shown  conclusively  that  CEES 
does  react  with  the  6  position  of  guanine  to  produce  0  -ethylthioethyl 
deoxyguanos i ne,  thereby  providing  a  firm  basis  for  the  suggestion  that  this 
lesion  could  be  responsible  for  the  delayed  toxicities  of  sulfur  mustards. 

The  structure  of  O^-ethy 1 th ioethy 1  deoxyguanos i ne  has  been  established 
conclusively  by  a  combination  of  ultraviolet  and  mass  spectrometry,  and  by 
comparison  with  material  synthesized  by  an  unambiguous  route.  The  compound 
dealkylates  in  acid  pH  so  that  previous  attempts  to  isolate  it  from  DNA 
presumably  failed  because  it  was  destroyed  at  the  pH  which  was  used. 

Current  literature  suggests  that  this  lesion  would  be  repaired  by  an 
enzyme  system  present  in  both  bacterial  and  mammalian  cells.  Enhancement  of 
this  repa i r  activity  should  provide  protection  against  the  long-term  toxicity, 
especially  the  genetic  toxicity,  of  the  sulfur  mustards.  Thus^  we  are 
currently  determining  whether  this  repair  system  operates  on  0  -ethylthioethyl 
deoxyguanos i ne,  the  objective  being  to  provide  protection  from  toxicity 
associated  with  this  lesion. 

This  work  was  presented  at  the  Third  Annual  Bioscience  Review  held  at 
Aberdeen  Proving  Ground  in  Edgewood,  Maryland  on  June  2-3,  1983.  A  manuscript 
describing  the  formation  of  O-ethy 1 thioethyl  deoxyguanos i ne  has  been 
submitted  for  publication  in  Cancer  Research. 
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INTRODUCTION 


The  sulfur  mustards  are  well-known  as  potential  chemical  warfare  agents. 
They  are  acutely  toxic  to  the  skin,  respiratory  tract,  eyes,  bone  marrow, 
and,  in  large  doses,  to  other  organs  as  well.  Delayed  toxicity  includes 
the  induction  of  neoplasms  which  may  occur  years  later.  Substantial 
evidence  has  accumulated  that  many  of  these  toxicities  are  related  to  the 
alkylating  activity  of  sulfur  mustards  and,  specifically,  to  alkylation  of 
DNA  (1). 

Investigations  of  related  compounds  have  led  to  the  accumulation  of 
considerable  information  about  the  nature  of  these  DNA  modifications  (2). 

It  has  also  been  discovered  that  many  cells  possess  the  ability  to  repair 
DNA  damage,  but,  until  recently,  almost  nothinr  has  been  known  about  the 
biochemistry  of  DNA  repair.  However,  recent  studies  in  several  laboratories 
including  our  own  have  led  to  the  isolation  of  vital  components  in  this  repair 
process.  Since  repair  of  sulfur  mustard- induced  damage  to  DNA  would 
presumably  provide  some  protection  against  the  toxicity  of  sulfur  mustard, 
it  is  important  to  understand  and  to  be  able  to  facilitate  this  process. 

In  studying  DNA  renair,  the  nature  of  sulfur  musta rd- i nduced  DNA  lesions 
must  be  defined.  Much  of  the  cytotoxicity  of  sulfur  mustards  has  been 
attributed  to  DNA  crosslinking,  but  a  wealth  of  biological  data  has  suggested 
that  alkylation  of  the  6  position  of  guanine  might  be  responsible  for 
mutagenesis,  teratogenes  i  s  ,  and  carcinogenesis  (3,**).  A  major  problem  with 
this  hypothesis  has  been  the  lack  of  chemical  evidence  that  the  sulfur  mustards 
react  with  the  6  position  of  guanine  (5,6). 

We  have  reexamined  this  question  and  have  shown  conclusively  that  the 
sulfur  mustards  do  modify  DNA  in  this  manner;  information  on  this  point 
constitutes  the  main  body  of  this  report.  Observations  concerning  other 
modifications  of  DNA,  as  well  as  some  supporting  data  on  the  0b  alkylation 
of  guanine,  are  contained  in  an  appendix. 

Thus,  our  first  objective,  that  of  showing  sulfur  mustards  alkylate 
the  0b  position  of  guanine,  has  been  achieved.  In  the  course  of  reaching 
this  objective,  we  have  noted  that  DNA  modification  by  the  sulfur  mustards 
is  apparently  a  far  more  complex  process  than  previously  appreciated. 

Our  current  objectives  are  focused  on  developing  a  quantitative  assay  for 
the  enzymatic  repair  of  the  newly-described  0b-ethyl thioethy 1  deoxyguanos i ne 
lesion  in  DNA.  If,  as  anticipated,  this  lesion  is  repaired  by  cellular 
extracts,  it  will  then  be  possible  to  isolate  and  characterize  the  relevant 
repa i r  factors . 
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MATERIALS  AND  METHODS 


Chloroethyl  ethyl  sulfide  was  obtained  from  Dr.  Bruno  Pap i rme i ster , 
USAMRICD.  Sodium  hydride  for  use  in  preparing  hemi-sulfur  mustard  came  from 
Alfa  Division  of  the  Ventron  Corporation.  Nucleosides  were  obtained  from 
P-L  Biochemicals.  Calf  thymus  DNA,  and  the  enzymes  used  for  its  digestion, 
were  obtained  from  Worthington.  Deoxycoformyc i n ,  an  adenosine  deaminase 
inhibitor,  was  supplied  by  the  Division  of  Cancer  Treatment,  National  Cancer 
Institute.  Ethy I hydroxyethy 1  sulfide  and  bi s-hydroxyethy 1  sulfide  (thioglycol) 
were  obtained  from  Aldrich  Chemical  Co.,  Inc.  All  other  chemicals  came  from 
standard  sources. 

High  pressure  liquid  chromatography  was  performed  on  a  modular  apparatus 
consisting  of  a  Milton-Roy  5000  psi  minipump,  a  Rheodyne  7125  injector  valve, 
an  LDC  FI uoromon i tor  III  fluorometric  detector,  and  a  Hewlett-Packard  1040A 
detector  system.  This  detector  is  interfaced  with  a  Hewlett-Packard  85 
computer  with  disc  drive  and  is  able  to  record  spectra  of  derivative  peaks 
as  they  are  separated.  Quantitation  of  either  fluorescence  or  ultraviolet 
peaks  was  achieved  with  a  Perkin-Elmer  Sigma  10  data  system. 

The  preparation  of  hemi-sulfur  mustard  and  of  the  critical  O^-subst i tuted 
guanine  nucleosides  is  described  below. 


SYNTHESIS  OF  06-SUBST I TUTED  GUANINE  NUCLEOSIDES 

£ 

The  0  derivatives  of  guanine  which  would  be  exoected  from  the  attack 
of  sulfur  mustards  on  DNA  have  never  previously  been  reported.  Nevertheless, 
we  began  this  project  with  the  supposition  that  high  pressure  liquid  chroma¬ 
tography  might  enable  us  to  detect  these  derivatives  in  DNA  digests.  The 
use  of  "marker"  nucleosides,  i.e.,  the  0  -a  1 ky 1 guan i ne  derivatives  which  would 
be  expected  from  reaction  with  sulfur  mustard,  strengthens  this  approach  since 
it  allows  us  to  focus  attention  on  the  region  of  the  chromatograph  where  these 
derivatives  would  be  eluted  in  a  DNA  digest.  Accordingly,  we  began  these 
studies  with  the  synthesis  of  appropriate  markers. 


Attack  by  sulfur  mustard  (b i s-chloroethyl  sulfide)  on  the  6  position 
of  guanine  in  DNA  could  yield  two  monosubst i tuted  0b-a 1 ky 1 guan i nes , 

0^-ch 1 oroe t hy 1 th ioe thy  1  guanine  or  0^-hydroxyethy 1 th ioethy 1  guanine. 

0b-ch 1 oroe thy  1 th ioet hy 1  guanine  would  be  formed  by  the  reaction  of  one  arm 
of  sulfur  mustard  with  the  0°  position  of  guanine  while  0b-hyd roxyethy 1 th i o- 
ethyl  guanine  would  be  formed  either  by  hydrolysis  of  the  first  adduct  or 
by  direct  attack  of  hemi-sulfur  mustard  (chloroethyl  hydroxyethyl  sulfide) 
on  DNA.  Hemi-sulfur  mustard  would,  of  course,  usually  accompany  sulfur  mustard 
as  a  hydrolysis  product. 


When  the  difficulty  in  isolating  the  0  nucleosides  from  DNA  became  apparent 
we  decided  to  concentrate  on  the  derivative  which  would  be  obtained  from  the 
reaction  of  chloroethyl  ethyl  sulfide  (CEES)  with  DNA.  Chloroethyl  ethyl 
sulfide  has  been  widely  used  to  study  the  mutagenic  effects  of  sulfur  mustard 
and  has  the  additional  advantage  that  it  is  more  stable  than  hemi-sulfur  mustard. 


Work  related  to  hemi-sulfur  mustard  is,  therefore,  described  in  the 
appendix.  We  will  focus  here  on  the  reactions  of  CEES. 

0^-subst i tuted  guanine  nucleosides  were  synthesized  by  displacing  the 
chlorine  in  chi oroguanos i ne  (6-chl oro-2-amino-pur ine  riboside)  or  chlorodeoxy- 
guanosine  (6-chl oro-2-ami no-pur i ne  deoxy r i bos i de)  with  the  appropriate 
alkoxide.  Thus,  0°-ethy 1 th ioethyl  deoxyguanos ine  was  synthesized  as  follows: 

1.  E thy  1 -S-ethy  1 -OH  +  NaH  -*  (ethyl -S-ethy  1 -0)  Na  + 

2.  (Ethyl -S-ethyl -0)  Na  +  6-chl orodeoxyguanos ine  ->  0^-  (ethy 1 -S-ethy 1 ) - 
deoxyguanos i ne 

Since  6-chl orodeoxyguanos i ne  is  not  commercially  available,  it  was 
synthesized  as  follows.  Five  grams  of  deoxyguanos ine  was  reacted  with  an 
excess  of  acetic  anhydride  (15  ml)  in  pyridine  (75  ml)  for  3  days  at  room 
temperature.  The  product  was  filtered,  washed  with  warm  pyridine  (50  ml) 
and  then  with  dry  ether  (50  ml),  and  finally  dried  at  65°  for  2  days  '  are 
the  next  step.  This  procedure  completely  acetylates  the  deoxyribos  ^gar 
and  protects  it  from  chlorination. 

Chlorination  of  the  acetylated  deoxyguanos i ne  was  accomplishe  a  "he 
method  of  Gerster  et  al.  (7)  with  some  modifications  to  avoid  decon.  .tion 
of  the  glycosidic  linkage.  All  of  the  glassware  was  dried  in  vacuo  at  75°, 
and  the  POCI3  was  freshly  distilled  immediately  before  use.  Two  grams  of 
acetylated  deoxyguanos i ne  was  added  with  stirring  to  a  solution  of  P0C 1 3 
(75  ml)  and  N ,N-d i ethy lan i 1 i ne  (2  ml)  at  room  temperature.  The  suspension 
was  heated  until  all  of  the  solid  was  dissolved  and  a  clear  yellowish  solution 
was  obtained.  (Note  that  any  moisture  present  at  this  stage  leads  to  decom¬ 
position  of  the  entire  deoxynuc 1 eos i de  content.)  Excess  P0C 1 3  was  removed 
in  vacuo,  and  the  resulting  syrup  was  stirred  slowly  into  excess  ice  until 
hydrolysis  was  complete.  Then,  the  solution  was  extracted  three  times  with 
100  ml  of  d ichloromethane.  Organic  extracts  were  combined,  washed  three 
times  with  100  ml  of  cold  1  N  HC 1 ,  and  finally  with  cold  water  until  neutral. 
Then,  the  dichloromethane  solution  was  dried  over  anhydrous  magnesium  sulfate 
and  the  solvent  was  evaporated  under  vacuum  to  leave  a  thin  oil.  When  this 
oil  was  extracted  with  dry  ether,  amorphous  6-chl oro-3 1 , 5 1 -d i -0-acety 1  deoxy- 
guanosine  was  obtained. 


Th 


of  0^-s 


acety  1  a 
and  mix 
Then  ,  1 
to  ethy 
for  1  8 
6  posit 
hyd  rol  y 
mixture 
1  iqu  id 
below, 
product 


is  material  was  used  without  further  purification  for  the  synthesis 
ubstituted  deoxyguanos ine.  Typically,  approximately  5  mg  of  the 
ted  6-chlorodeoxyguanos ine  was  dissolved  in  0.5  ml  of  dimethyl  formamide 
ed  with  an  excess  (approximately  100  mg)  of  ethy 1 hyd roxyethy 1  sulfide. 

0  mg  of  sodium  hydride  was  added  to  convert  ethy 1 hydroxyethy 1  sulfide 
Ithioethyl  alkoxide,  and  the  reaction  mixture  was  incubated  at  37° 
hr.  By  this  time,  the  alkoxide  had  displaced  the  chlorine  in  the 
ion  of  the  acetylated  deoxyguanos i ne  and  the  acetate  groups  had  been 
zed  from  the  3'  and  5'  positions  of  the  deoxyribose.  The  reaction 
was  dried  in  vacuo  and  the  product  was  purified  by  high  pressure 
chromatography  using  System  A  described  in  the  footnote  to  Table  1 
A  ^ate,  intensely  fluorescent  peak  was  identified  as  the  expected 


,  0D-ethyl thioethyl  deoxyguanos i ne ,  as  described  in  the  next  section. 


Compound 


System  A 


Retention  Time  (min) 
System  B 


System  C 


Guan  i  ne 

6.5 

8.9 

— 

Deoxyguanos i ne 

10.  1 

10.0 

3.6 

0^-methy 1 deoxyguanos i ne 

15.3 

16.1 

4.6 

0^ -ethyl deoxyguanos i ne 

16.9 

19.4 

5-3 

0^-ethyl th ioethy 1 deoxy¬ 
guanos  i  ne 

24.9 

24.8 

6.3 

System  A:  Spherisorb  ODS  5  pm  (4.6  x  250  mm)  column  eluted  at  a  flow  rate 
of  1  ml/min  with  a  20-min  gradient  of  3%  to  30%  acetonitrile  in  50  mM  KH^O^, 
pH  4.5,  and  continued  with  30%  acetonitrile  in  50  i.M  KH^O^,  pH  4.5.  System  B 
Spherisorb  ODS  column  as  above  eluted  with  a  paired  ion  reagent  at  a  flow 
rate  of  1  ml/min.  20-min  gradient  of  3%  to  30%  acetonitrile  in  10  mM  sodium 
hexane  sulfonate,  10  mM  NaCl,  pH  3-5,  continued  with  the  30%  acetonitrile 
solution.  System  C:  Adsorbosphere  SCX  5  pm  (4.6  x  250  mm)  column  eluted 
at  a  flow  rate  of  1  ml/min  with  15%  acetonitrile  in  0.2  M  NH; H  P0 , ,  pH  2.5- 


The  first  step  in  establishing  the  structure  of  this  new  derivative  was, 
of  course,  to  demonstrate  that  it  was  pure.  This  was  done  by  using  two  other 
HPLC  systems  also  described  in  the  footnote  to  Table  1.  These  separation 
procedures,  i.e.,  Systems  A,  B,  and  C  of  Table  1,  have  great  resolving  power 
for  derivative  nucleosides  and  clearly  demonstrated  that  we  had  obtained  a 
pure  product.  The  long  retention  time  exhibited  in  System  A  indicates  that 
the  new  derivative  of  deoxyguanos i ne  was  a  rather  lipophilic  compound. 

The  0^-subst i tuted  deoxyguanos i ne  which  would  be  expected  as  a  product 
of  the  reaction  of  hemi-sulfur  mustard  with  deoxyguanos i ne  would  have  the 
structure  Ob-hyd roxyet hy 1 t h i oet hy 1  deoxyguanos i ne .  This  derivative  was 
obtained  by  exactly  the  same  procedure  as  described  above,  but  b i s -hyd roxyet hy 1 
sulfide  was  used  in  place  of  e thy  1 hyd roxyet hy 1  sulfide  in  the  reaction  with 
sodium  hydride. 

The  0^-subst i tuted  guanine  r i bon uc 1 eos i des  which  would  result  from  the 
reaction  of  CEES  or  hemi-sulfur  mustard  with  the  RNA  nucleoside,  guanosine, 
were  also  synthesized  by  entirely  analogous  reactions  except  that  6-chloro- 
guanosine  was  used  in  place  of  acetylated  6-chlorodeoxyguanos i ne .  6-Chloro- 
guanosine  is  available  as  a  commercial  product  from  Waldhof,  West  Germany. 
Purification  and  characterization  of  these  nucleosides  is  described  in  the 
append i x . 


CHARACTERIZATION  OF  0  -ETHYLTHI OETHYL  DEOXYGUANOS I NE 


Confirmation  of  Structure 


The  structure  of  this  derivative  nucleoside  was  established  by  a  combi¬ 
nation  of  ultraviolet  and  mass  spectrometry,  although  it  could  be  anticipated 
that  this  derivative  had  the  assigned  structure  from  the  manner  of  its  synthesis 


Ultraviolet  spectrometry  revealed  a  spectrum  which  is  characteristic 
of  an  0^-subst i tuted  guanine  nucleoside  (Figure  1).  The  double  hump  with 
absorption  maxima  at  248  nm  and  at  280  nm  is  absolutely  typical  of  such 
compounds  and  confirms  the  attachment  of  the  derivative  group  to  the  6  position. 


The  nature  of  this  substitutent  was  established  by 
which  was  kindly  performed  for  us  by  Mr.  Marion  Kirk  of 
Institute.  Figure  2  shows  a  mass  fragmentation  pattern 
impact  technigue  revealing  a  molecular  ion  peak  at  m/e 
to  the  structure,  0^-ethy 1 th ioethy 1  deoxyguanos ine.  Th 
a  large  peak  at  m/e  15'  corresponding  to  (guanine  +  H)+ 
in  the  mass  spectrum  of  deoxyguanos i ne  itself  and  its  d 
thioethyl  deoxyguanos i ne  spectrum  indicates  that  the  0° 


mass  spectrometry 
the  Southern  Research 
obtained  by  the  electron 
355  which  corresponds 
is  spectrum  also  shows 
.  A  similar  peak  appears 
resence  in  the  0^-ethyl- 
substituent  is  labile. 


on  at 


Mass  spectrometry  using  both  positive  and  negative  fast  atom  bombardment 
(FAB)  confirmed  the  molecular  weight  of  355-  Again,  an  intense  peak  was  observed 
which  corresponds  to  the  dealkylated  base. 

Thus,  ultraviolet  and  mass  spectrometry  established  the  structure  of 
the  derivative  as  Cr-ethy 1 th ioethy 1  deoxyguanos i ne .  Mass  spectral  evidence 
of  the  lability  of  the  CP  substituent  also  gave  some  indication  why  this 
derivative  had  not  been  detected  previously. 


Chem i ca 1  Stab  i  1  i  ty 


Although  the  biological  data  cited  above  suggest  that  an  0  derivative 
of  guanine  would  be  found  in  DNA  treated  with  sulfur  mustards,  such  a  derivative 
has  never  previously  been  described.  One  possible  explanation  for  this  would 
be  that  these  derivatives  were  destroyed  in  the  digestion  procedures  used 
to  release  them  from  the  DNA  substrate. 

We  quickly  obtained  evidence  that  the  O^-thioethyl  guanine  nucleosides 
were  extremely  labile.  Not  only  did  the  mass  spectral  data  suggest  this, 
but  this  was  demonstrated  directly.  The  first  0  -thioethyl  guanine  nucleoside 
which  we  synthesized,  0°- hydroxy ethyl thioethyl  guanosine,  decomposed  rapidly 
under  mild  acid  treatment  to  guanine  as  shown  by  HPLC  analysis.  Since  many 
procedures  for  releasing  modified  bases  from  DNA  use  acid  depur inat ion ,  this 
would  explain  why  the  derivatives  had  never  been  found  after  a  depurination 
procedure. 

The  next  question  was  whether  such  derivatives  would  be  stable  under 
conditions  used  for  the  enzymatic  digestion  of  DNA.  Table  2  shows  the  results 
of  studies  indicating  that  0-ethyl thioethyl  deoxyguanos i ne  is  stable  for 
at  least  20  hr  at  37°  and  pH  7  or  8.  It  also  remains  undecomposed  for  at 
least  an  hour  at  pH  5-5  and  37°.  Table  2,  then,  establishes  two  critical 
points.  First,  the  derivative  is  stable  under  physiological  conditions  and 
could  remain  in  DNA  for  a  sufficiently  long  time  to  effect  a  permanent  change 
in  the  genetic  information  of  the  cell;  second,  it  is  sufficiently  stable 
to  be  released  from  DNA  by  the  usual  enzymatic  digestion. 


Fluorescence  of  0^-Ethyl thioethyl 


Deoxyg  uanos i ne 


0  -subst i tuted  derivatives  of  deoxyguanos i ne  have,  in  general,  proved 
to  be  intensely  fluorescent.  This  property  is  of  some  value  in  identifying 
CP  derivatives  of  guanine  nucleosides  and  is  also  a  sensitive  method  of 
quantitative  analysis  (8). 


Figure  3  shows  the  excitation  and  emission  spectra  which  were  obtained 
with  purified  0  -e t hy 1 t h i oe t hy 1  deoxyguanos i ne .  These  spectra  are  rather 
similar  to  those  reported  for  O^-me thy  1  guanos i ne  and  CP-ethy 1  guanos i ne  by 
S  inner  (9) . 
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Figure  4:  Calibration  of  the  HPLC  detector  response  for  0  -ethylthioethyl 

deoxyguanos i ne .  Fluorescence  was  excited  at  254  nm  and  monitored 
between  300  and  400  nm.  Fluorescence  peak  areas  were  determined 
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A  calibration  curve  fojr  this  method  of  detection  is  shown  in  Figure  4. 

The  amount  (picomoles)  of  0  -ethyl th ioethy 1  deoxyguanos i ne  is  plotted  against 
the  detector  response  in  "area  count"  as  determined  by  the  Sigma  10  data 
system.  The  data  have  been  fitted  by  the  least  squares  method  to  the 
equat i on : 

pmoles  =  -4.3  +  30.3  x  area  count 

With  the  HPLC  resolution  which  has  been  achieved  so  far,,  the  minimum 
detectable  response  is  approximately  one  area  count,  correspond ing  to  approxi¬ 
mately  23  pmoles.  A  really  satisfactory  repair  assay  would  require  at  least 
an  order  of  maginitude  greater  sensitivity  than  this.  This  will  require 
either  modification  of  the  fluorometric  analysis  or  the  use  of  a  rad iol abel 1 ed 
sulfur  mustard.  If  the  chromatographic  separation  can  be  run  at  a  pH  lower 
than  4.5,  greater  sensitivity  can  probably  be  achieved  in  the  fluorometric 
assa^,  and  this  approach  is  currently  being  investigated.  The  acid  lability 
of  0  -ethyl th i oethy 1  deoxyguanos ine  may,  however,  interfere  with  this  method 
and  it  may  be  necessary  to  turn  to  a  radiolabel  to  achieve  the  necessary 
sens i t i v i ty . 


REACTION  OF  CHLOROETHYL  ETHYL  SULFIDE  WITH  DEOXYGUANOS I NE 

With  the  chromatographic  marker  for  0^-ethy 1 th ioethy 1  deoxyguanos i ne  in 
hand,  it  was  relatively  easy  to  demonstrate  that  chloroethyl  ethyl  sulfide 
(CEES)  forms  this  compound  when  it  reacts  with  deoxyguanos ine.  Deoxyguanos i ne 
(35  mg)  was  dissolved  in  35  ml  of  50  mli  cacodylate  buffer,  pH  7,  at  37  .  A 
total  of  125  pi  of  chloroethyl  ethyl  sulfide  (approx.  35  gmoles/ml)  was  added 
to  the  reaction  vessel  with  stirring.  The  pH  was  maintained  at  approx imate 1 y 
7  with  the  addition  of  small  amounts  of  1  N  NaOH.  After  one  hour,  there  was 
no  further  change  in  pH,  but  the  incubation  was  continued  for  an  additional 
six  hours  to  insure  complete  hydrolysis  of  'he  CEES.  The  reaction  mixture 
was  then  filtered  and  stored  frozen  at  -20  . 

As  shown  in  Figure  5,  the  products  of  this  reaction  could  be  separated  by 
high  pressure  liquid  chromatography  on  a  5  pm  Spherisurb  ODS  colunn  eluted 
with  the  25  mM  phosphate  buffer,  pH  4.5-acetonitrile  system  described  in  the 
legend  to  that  figure.  It  is  clear  from  Figure  5  that  the  deoxyguanos i ne  was 
extensively  modified;  the  chromatogram  reveals  ten  significant  derivative 
peaks  and  several  minor  products.  The  major  peaks  were  numbered  from  0 
through  9,  as  shown  in  Figure  5,  and  partially  characterized  as  described 
below. 

Since  pure,  we  1 1 -character i zed,  0^-ethy 1 th ioethy 1  deoxyguanos i ne  had  been 
synthesized,  it  was  easy  to  identify  peak  8  as  this  long-sought  derivative. 

The  chromatograph ic  separation  shown  in  Figure  5  was  performed  with  an  HPLC 
detector  capable  of  providing  an  ultraviolet  spectrum  of  derivative  peaks,  and 
the  spectrum  of  peak  8  was  typical  of  0  ,-et^yl th ioethy I  deoxyguanos i ne  (Figure 
o).  Further  proof  that  peak  8  was  indeed  0  -ethyl th ioethy 1  deoxyguanos i ne  was 
obtained  by  collecting  this  derivative  peak,  concentrating  it,  and  showing  its 
identity  with  marker  material  in  the  three  separate  chromatographic  systems 
described  in  the*  footnote  to  Table  1.  Thus,  we  have  shown  conclusively  that 
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the  sulfur  mustaras  do  attack  the  0  position  of  deoxyguanos i ne  to  produce  the 
predicted  derivative  nucleoside. 

Some  attempt  was  made  to  identify  the  other  nucleoside  derivatives  shown 
in  Figure  5  from  what  has  been  published  in  the  previous  literature  about 
reactions  of  chloroethyl  ethyl  sulfide  with  deoxyguanos i ne .  These  tentative 
assignments  are  shown  in  Table  3.  Peak  3  was  unmodified  deoxyguanos ine  while 
peak  6  is  probably  the  previously  reported  major  product,,  N  -ethylthioethyl 
deoxyguanos i ne  (5). 

The  same  ^rticle  which  describes  N^-ethyl thioethyl  deoxyguanos ine  also 
describes  an  N  derivative  and  suggests  a  separation  procedure  for  these 
products  on  G-10  Sephadex  columns  (3).  Since  our  reaction  of  CEES  with 
deoxyguanos i ne  had  been  performed  under  similar  conditions,  we  also  performed 
a  separation  of  G-10  Sephadex  thinking  that^we  could  obtain  marker  material 
for  positive  identification  of  the  N  and  N  derivatives.  However,  we  found 
that  the  peaks  isolated  on  such  a  col  cm  contain  several  derivatives,  and  it 
was  not  possible  to  make  assignments  on  that  basis  with  any  certainty.  These 
studies  are  described  in  an  appendix  and  further  work  would  be  necessary  to 
identify  the  other  peaks  in  Figure  5. 

However,  we  had  achieved  our  objective  of  showing  that  CEES  modified 
deoxyguanos ine  in  the  0  position,  and  the  next  step  in  assessing  its 
importance  was  to  investigate  the  reaction  of  CEES  with  DNA. 


REACTION  OF  CHLOROETHYL  ETHYL  SULFIDE  WITH  DNA 


The  double  helical  structure  of  DNA  affects  the  base  positions  which  are 
available  for  alkylation  so  that  quantitative  differences  are  often  observgd 
in  the  amount  of  alkylation  of  monomeric  nucleosides  and  DNA.  Since  the  0° 
position  of  deoxyguanos i ne  is  involved  in  hydrogen  bonding,  this  factor  might 
decrease  the  reactivity  of  the  0  position.  In  general,  however,  other  agents 
w^ich  react  with  this  position  of  monomeric  deoxyguanos i ne  also  alkylate  the 
0°  position  of  deoxyguanos i ne  in  DNA  (10).  Having  shown  that  CEES  substituted 
monomeric  deoxyguanos ine  in  the  6  position,  the  next  step  was  to  show  that 
this  reaction  occurred  with  DNA. 

Typically,  3.C  g 1  (35  ymole)  of  CEES  was  added  per  ml  to  a  solution  of 
DNA,  2  mg/ml  in  25  rrM  cacodyl  ate  buffer,  pH  7.4,  and  the  mixture  was  incubated 
at  37  .  Small  amounts  of  1  N  NaOH  were  added  to  maintain  the  pH  at  7  and 
after  1.5  hr,  the  reaction  was  terminated  by  precipitating  the  DNA  with  four 
volumes  of  cold  ethanol  in  the  presence  of  1  N  NaCl .  The  DNA  precipitate  was 
collected  by  centrifugation  in  a  refrigerated  centrifuge  at  10,000  g  and 
redissolved  in  2  5  mM  cacodyl  ate  buffer,  pH  7. 

The  next  problem  was  to  digest  the  DNA  to  the  deoxynucl eos ide  level  so 
that  its  constituent  nucleosides  could  be  separated  by^high  pressure  liquid 
chromatography .  We  have  demonst rated  (Table  2)  that  0-ethy 1 th ioethy 1 
deoxyguanos i ne  would  be  stable  over  the  range  of  pH's  which  are  normally  used 
in  the  digesion  of  DNA.  However,  it  is  still  not  known  to  what  extent 
modification  of  the  nucleosides  interferes  with  the  action  of  the  various 
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nucleases  which  are  used  in  DMA  digestion.  Assuming  that  the  problems  would 
be  similar  to  those  encountered  in  digesting  DNA's  modified  by  other  reactive 
compounds,  we  adapted  a  procedure  which  has  been  successful  for  the  release  of 
modified  nucleosides  from  DNA  modified  with  the  antitumor  agent, 
b  i  s-chl oroethy 1 n i t rosourea  (11). 

Following  that  protocol,  CEES-mod i f i ed  DNA  (2  mg/ml )  was  digested  in  25 
nM  cacodyl  ate  buffer,  pH  7.4,  for  24  hr  at  37  in  the  presence  of  the 


lowing  amounts  of  enzyme  per  ml: 

Enzyme 

Deoxyribonuclease  I 
Venom  phosphodiesterase 
Spleen  phosphodiesterase 
Bacterial  alkaline  phosphatase 


Amount 

100  units 
2.7  units 
0.5  units 
0.8  units 


After  24  hr,  the  solution  was  filtered  and  a  0.5  ml  sample  containing 
0.875  mg  of  digested  DNA  was  analyzed  in  the  same  chromatographic  system  that 
is  described  above  (legend.  Figure  5).  The  HPLC  elution  profile  for  this 
digest  is  shown  in  Figure  7. 

Unmodified  DNA  digested  to  the  deoxynucl eos i de  level  and  separated  in 
this  amount  with  this  chromatograph i c  system  shows  only  three  peaks.  These 
contain  the  unmodified  deoxynuc 1 eos ides :  deoxycyt id i ne  at  6.4  min, 
deoxythymi d i ne  at  11.4  min,  and  a  mixture  of  deoxyguanos i ne  and  deoxyi nosine 
resulting  from  the  deamination  of  deoxyadenos ine  at  15-16  min.  Thus,  the 
large  number  of  pegks  in  Figure  7  is  impressive.  Significantly,  a  peak 
correspond i ng  to  0  -ethy 1 th ioethy 1  deoxyguanos i ne  was  noted  at  the  correct 
retention  time,  now  68  minutes  since  the  analytical  column  had  changed 
character i st ics  slightly  since  the  time  the  sample  was  run  in  Figure  5.  The 
identity  of  this  peak  was  confirmed  by  its  character ist ic  spectrum  taken 
during  the  chromatograph i c  separation  shown  in  Figure  8.  In  addition, 
flucrometric  monitoring  of  the  elution  profiles  showed  that  this  peak  had  the 
character i st i c  fluorescence  of  0  -ethyl th ioethy 1  deoxyguanos ine. 

Thus,  we  have  definitely  shown  that  CEES  produces  the  anticipated 
nod i f i cat i on  at  the  0  position  of  deoxyguanos i ne  in  DNA.  In  order  to 
establish  repair  of  this  modification,  however,  it  will  be  ngeessary  to 
develop  a  reliable  quantitative  analysis  for  the  amount  of  0  -ethylthioethyl 
deoxyguanos i ne^-conta ined  per  mg  of  DNA.  The  first  question  which  arises  is 
whether  some  0  -ethylthioethyl  deoxyguanos i ne  may  remain  attached  to  short 
runs  of  undigested  DNA.  We  are  currently  examining  this  question  by  varying 
the  digestion  conditions  -  pH,  time,  amounts  of  enzyme  added,  and  the  effects 
of  adding  exonuclease  III  (endonuclease  VI).  The  addition  of  this  latter 
enzyme  was  suggested  by  Dr.  Papirmeister  who  noted  that  CEES  might  produce 
apurinic  sites  in  DNA  which  would  be  subject  to  digestion  by  exonuclease  III, 
but  probably  not  by  other  nucleases.  We  have  succeeded  in  reducing  the  number 
of  unknown  pe^ks  in  the  DNA  digest  by  these  procedures  and  have  confirmed  the 
presence  of  U  -ethylthioethyl  deoxyguanos i ne  in  several  different 
CEES-mod i f i ed  DNA  substrates. 

Noting  that  some  C^-mod  i  f  i  ed  guanine  nucleosides  are  evidently  substrates 
for  adenosine  deaminase  (12),  we  have  included  the  potent  adenosine  deaminase 
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Fiqure  7:  Hiqh  pressure  liquid  chromatographic  separation  of  a  diqest  of  a 

chi o roe  thy  1  ethyl  sulfide-DNA  reaction  mixture.  A  sample  containing 
0  5  mg  of  the  digest  was  separated  on  a  5  U™  Spherisorb  column  as  described 
in  the  1 eqend  to'Fiqure  5-  A  small  06-ethyl thioethy 1  deoxyguanos i ne  peak 


Fioure  8:  Ultraviolet  spectr 


inhibitor,  deoxycoformyc in,  to  prevent  any  possible  breakdown  of  the 
0  -ethy 1 thioethyl  deoxyguanos i ne  by  this  enzyme,  a  frequent  contaminant  of 
commercial  nucleases.  -The  addition  of  this  inhibitor  has  not,  however, 
affected  recovery  of  O-ethy 1 th ioethy 1  deoxyguanos i ne  although  it  would  be 
important  in  preserving  the  CEES-mod i f i ed  deoxyadenos i nes . 


PLAN 


Following  our  original  object i vestas  stated  in  our  contract  proposal,  the 
next  step  in  demonstrating  repair  of  0  -ethyl thioethyl  deoxyguanos ine  in 
C|ES-mod i f ied  DNA  will  be  to  perfect  a  quantitative  assay  for  the  amount  of 
0  -ethyl thioethyl  deoxyguanos i ne  remaining  in  DNA  which  has  been  incubated 
with  rat  liver  repair  proteins.  ^Depending  on  our  success  in  improving  the 
chromatographic  separations  of  0  -ethyl thioethyl  deoxyguanos i ne  from  other 
peaks  in  the  DNA  digest  and  in  improving  the  sensitivity  of  the  fluorescence 
assay,  we  nay  need  to  proceed  to  the  use  of  rad iol abel 1 ed  GEES  or  other  sulfur 
mustards  which  might  be  available  in  rad iol abel 1 ed  form. 

As  soon  as  we  have  successfully  demonstrated  the  repair  of  a  sulfur 
mustard- i nduced  lesion  in  the  0°  position  of  deoxyguanos ine,  we  will  pursue 
the  identification  and  purification  of  the  repair  factors. 
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APPENDIX 


SYNTHESIS  OF  HEMI -SULFUR  MUSTARD 


Chloroethy!  ethyl  sulfide  (CEES)  has  been  studied  extensively  and  some  of 
the  best  data  on  the  mutagenic  effects  of  sulfur  mustard  have  been  obtained 
with  this  compound.  However,  hemi-sulfur  mustard  is  more  closely  related  to 
sulfur  mustard  and  it  can  be  anticipated  that  sulfur  mustard-modified  DNA 
would  contain  most  of  the  lesions  which  hemi-sulfur  mustard  causes  in  DNA. 
Thus,  there  are  some  advantages  to  studying  the  modification  of  DNA  by 
hemi-sulfur  mustard.  Although  we  are  currently  studying  CEES-mod i f ied  DNA  as 
explained  in  the  body  of  this  report,  we  have  synthesized  hemi-sulfur  mustard 
and  obtained,  probably  for  the  first  time,  a  satisfactory  mass  spectral 
analysis  of  this  compound.  Accordingly,  this  information  is  included  here. 

Hemi-sulfur  mustard  was  prepared  by  the  method  of  Tsou  et  al .  (13). 
Working  in  a  wel 1-venti lated  hood,  75  ml  of  methanol  dried  over  3  A  molecular 
sieves  and  10  ml  of  mercaptoethanol  were  added  to  a  200  ml  round-bottom  flask. 
Then,  a  total  of  3  grams  of  sodium  hydride  was  added  slowly  with  stirring  and 
when  this  had  reacted  with  the  mercaptoethanol ,  75  ml  of  1,2-dichloroethane 
was  added.  The  reaction  mixture  was  allowed  to  stand  at  room  temperature 
overnight  and  the  sodium  chloride  which  was  produced  in  the  reaction  was 
allowed  to  settle  to  the  bottom  of  the  flask. 

The  supernatant  was  removed  in  stages  and  concentrated  on  a  rotary 
evaporator.  Then,  the  hemi-sulfur  mustard  was  purified  by  vacuum 
distillation.  A  central  cut  was  taken  which  distilled  at  a  head  temperature 
of  7 2°  at  0.19  mm  pressure. 

The  purity  of  this  fraction  was  assessed  by  gas  chromatography .  A  sample 
of  approximately  5  dg  dissolved  in  0.1  yl  of  methanol  was  injected  on  an  OV 
101  column  programmed  to  heat  at  a  rate  of  20°  per  minute  from  100°  to  280°. 
Chromatograph i c  peaks  were  monitored  in  a  Finnigan  mass  spectrometer 
interfaced  to  the  gas  chromatography  apparatus.  As  shown  in  Figure  9,  the 
sample  contained  only  one  large  constituent  which  had  the  mass  spectrum  shown 
in  Figure  10.  This  spectrum  showed  the  expected  molecular  ion  peak  at  190 
mass  units  accompanied  by  its  chlorine  isotope  at  192  mass  units.  There  was 
also  a  small  peak  which  is  probably  a  hydrate  of  hemi-sulfur  mustard  at 
m/e  =  158  with  its  chlorine  isotope  at  m/e  =  160.  Thus,  we  have  mass  spectral 
confirmation  of  the  identity  of  the  material  prepared  by  the  method  of  Tsou  et 
al  . 


PREPARATION  OF  O^-ALKYLGUANOS INE 


Before  it  was  known  that  the  alkyl  group  in  the  ^  position  was  as  readily 
hydrolyzed  as  the  glycosidic  bond,  if  appeared  that  0  -thioethyl  guanines 
could  be  prepared  from  the  cor  respond i ng  r 1 bonuc 1 eos i des .  These 
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Figure  10:  Mass  spectrum  of  the  hydroxyethyl  chloroethyl  sulfide  (hemi-sulfur 
mustard)  peak  from  the  gas  chromatographic  run  shown  in  Figure  9. 
The  spectrum  shows  a  molecular  ion  peak  at  m/e  =  1  40  corresponding 
to  the  correct  molecular  weight  of  hemi-sulfur  mustard.  There 
is  an  accompanying  peak  at  m/e  =  142  attributable  to  hemi-sulfur 
mustard  containing  the  chlorine  isotope  Cl  =  37-  The  same  spectrum 
is  shown  in  each  panel  except  that  the  relative  intensity  scale 
is  multiplied  by  10  for  m/e  114  in  panel  B. 


r ibonucleosides  are  easier  to  prepare  than  the  correspond i ng 
deoxyribonucleosides  because  the  starting  material  for  the  preparation  of  the 
ribosides,  6-chloro-2-amino  purine  riboside,  is  corrmerc i al 1 y  available. 

In  order  to  prepare  O^-ethy 1 th ioethy 1  guanos ine,  2  ml  of 
ethylhydroxyethyl  sulfide  was  added  to  100  mg  of  sodium  hydride  in  a  50  ml 
round-bottom  flask.  After  the  alkoxide  had  formed,  50  mg  of  6-chloro-2-amino 
purine  riboside  was  added  and  the  mixture  was  heated  to  50°C  with  stirring. 

The  solution  gradually  became  homogeneous  and  after  about  1  hr,  4  ml  of  water 
was  added  and  the  pH  was  adjusted  to  7  with  formic  acid.  This  aqueous 
solution  was  then  extracted  with  ether  to  remove  the  unreacted  and  very 
odiferous  ethylhydroxyethyl  sulfide.  The  aqueous  phase  was  separated  on  a  2  x 
100  cm  G-10  column  eluted  with  1  mM  formic  acid.  The  elution  profile  for  this 
col  urn  is  shown  in  Figure  11. 

The  O^-ethy 1 th ioethy 1  guanos ine  was  found  in  fractions  80-90  which  were 
pooled  and  evaporated  to  dryness.  This  product  was  pure  by  high  pressure 
liquid  chromatography  in  System  A  of  Table  1,  and  had  the  characteristic 
ultraviolet  spectrum  of  an  0  -subst i tuted  guanine  nucleoside  as  shown  in  Table 
4. 

O^-hydroxyethylthioethyl  guanosine  was  prepared  in  an  entirely  analogous 
way  using  2  ml  of  bi s-hydroxyethy 1  sulfide  in  the  reaction  with  sodium 
hydride.  Again,  after  hydroxyethyl thioethyl  alkogide  had  reacted  with 
6-chloro-2-amino  purine  riboside  to  produce  the  0  -substituted  guanosine,  the 
reaction  mixture  was  applied  to  a^G-lO  column.  Separation  of  this  reaction 
mixture  is  shown  in  Figure  12.  gO  -hydroxyethyl thioethyl  guanosine,  being 
somewhat  less  lipophilic  than  g  -ethyl th ioethyl  guanosine,  eluted  with  1  rrM 
formic  acid  earlier  than  did  0  -ethyl thioethyl  guanosine  and  was  found  in 
fractions  32-43.  These  fractions  were  pooled,  evaporated  to  dryness,  and 
again,  the  product  was  found  to  be  essentially  pure  by  high  pressure  liquid 
chromatography .  It  had  an  ultraviolet  spectrum  typical  of  an  0  -substituted 
guanine  nucleoside  CTable  4). 

When  it  was  discovered  that  the  0^-alkyl  bond  was  as  acid  labile  as  the 
glycoside  bond  in  these  compounds,  they  were  not  character i zed  further. 
However,  they  are  available  if  it  becomes  important  to  characterize  the 
modifications  of  RNA  produced  by  the  sulfur  mustards. 


CHARACTERIZATION  OF  OTHER  MODIFIED  NUCLEOSIDES  IN  CEES-DEOXYGUANOS I NE  REACTION 
MIXTURES 


As  described  in  the  main  body  of  this  report,  there  were  10  significant 
peaks  in  the  chromatograph i c  separation  of  a  chluroethyl  ethyl 
sul f ide-deoxyguanos i ne  reaction  mixture.  An  attempt  was  made  to  obtain 
ultraviolet  spectra  on  each  of  these  during  the  separation  procedure,  and  the 
results  are  sjaown  in  Figures  13-21.  Except  for  the  absolutely  character  i  st  i  c 
spectrum  of  0  -substituted  deoxyguanos i nes,  however,  the  other  products  all 
have  rather  similar  spectra  at  pH  4.5.  The  absorbance  maxima  for  each  of 
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Figure  13:  Ultraviolet  spectrum  of  Peak  0,  Figure 
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Figure  17:  Ultraviolet  spectrum  of  Peak  k,  Figure 
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tnese  spectra  were  Included  in  Table  2  but  further  studies  would  be  necessary 
tc  identify  these  peaks  with  certainty. 

Since  the  literature  contains  a  description  of  the  separation  of  a 
CEES-deoxyguanosine  reaction  mixture  on  G-10  Sephadex  and  describes  the  major 
derivative  found  in  each  of  these  peaks,  we  decided  to  repeat  these 
experiments  and  use  the  information  obtained  to  assign  structures  to  some  of 
the  unknowns  observed  in  our  HPLC  separation  (Figure  5).  A  portion  of 
CEES-deoxyguanosine  reaction  mixture  prepared  in  the  manner  similar  to  that 
described  in  the  literature  (5)  was  applied  to  a  G-10  colom  (1.5  x  40  cm)  and 
eluted  with  50  mM  arrmoniun  formate  buffer  at  a  flow  rate  of  0.9  ml/min.  As 
shown  in  Figure  22,  two  partially  resolved  peaks  appeared  before  the  major 
deoxyguanos i ne  peak.  Fractions  were  pooled  as  indicated  in  Figure  22  and 
subjected  to  high  pressure  liquid  chromatography  as  shown  in  Figures  23  and 
2^.  The  literature  would  suggest  that  the  material  in  "B"  would  be  primarily 
N  -ethy 1 th ioethy 1  deoxyguanos ine  and  that  "A"  would  consist  of  its 
decompos i t ion  products.  Based  on  thi^  information,  the  HPLC  peak  with  a 
retention  time  of  58  minutes  may  be  N'-ethylthioethyl  deoxyguanos ine  while 
some  of  the  other  peaks  in  the  55-  to  65-minute  region  may  be  products  of  its 
decompos i t i on . 

In  order  to  characterize  the  smaller  peaks  which  appeared  after 
deoxyguanos ine  on  G-10  Sephadex  chromatography,  a  larger  sample  of 
CEES-deoxyguanosine  reactior  mixture  was  applied  to  the  same  colam  and  eluted 
under  similar  conditions,  but  with  a  higher  detector  sensitivity.  The  results 
of  this  experiment  are  shown  in  Figure  25.  It  is  apparent  that,  just  as 
reported  in  the  literature,  three  additional  ultraviolet  absorbing  peaks 
appear  after  deoxyguanos i ne .  These  fractions  were  pooled  as„shown  in  Figure 
25.  Judging  from  the  literature,  poo^  "F"  might  have  been  N-ethy I th ioethy 1 
deoxyguanos ine,  "I"  might  have  been  N  -ethyl th ioethy 1  guanine,  and  "L", 
N-ethylthioethyl  guanine.  When  these  various  fractions  were  characterized  by 
high  pressure  1 iquid  chromatography,  however,  they  were  found  to  be  somewhat 
impure,  and  we  could  not  be  certain  of  their  identity.  Some  of  these  products 
do,  however,  appear  in  the  same  region  as  our  0  derivatives  and  may  be  of  use 
in  furthet  efining  our  chromatographic  separations. 


Figure  23:  High  pressure  liquid  chromatograph i c  s 
HPLC  performed  as  described  in  the  leg 
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High  pressure  liquid  chromatographic  separation  of  G-10  fraction  G 
HPLC  separation  was  performed  as  described  in  the  legend  to  Figure 


Figure  27:  High  pressure  liquid  chromatographic  separation  of  G-10  fraction  I 
HPLC  separation  was  performed  as  described  in  the  legend  to  Figure 


Figure  2$:  High  pressure  liquid  chromatographic  separation  of  G-10  fraction  L 
HPLC  separation  was  performed  as  described  in  the  legend  to  Figure 


Figure  30:  High  pressure  liquid  chromatographic  separation  of  G 
HPLC  separation  was  performed  as  described  in  the  le 
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